Angiogenesis, the formation of new blood vessels from pre-existing ones, is critical to luteal 12 structure and function; In addition, it is a complex and tightly regulated process. Not only 13 does rapid and extensive angiogenesis occur to provide the corpus luteum (CL) with an 14 unusually high blood flow and support its high metabolic rate, but in the absence of 15 pregnancy the luteal vasculature must rapidly regress to enable the next cycle of ovarian 16 activity. This review describes a number of the key endogenous stimulatory and inhibitory 17 factors, which act in a delicate balance to regulate luteal angiogenesis and ultimately luteal 18 function. In vitro luteal angiogenesis cultures have demonstrated critical roles for fibroblast 19 growth factor 2 (FGF2) in endothelial cell proliferation and sprouting, whilst other factors 20 such as vascular endothelial growth factor (VEGFA) and platelet derived growth factor 21 (PDGF) were important modulators in the control of luteal angiogenesis. Post-transcriptional 22 regulation by small non-coding micro-RNAs, is also likely to play a central role in the 23 regulation of luteal angiogenesis. Appropriate luteal angiogenesis requires the coordinated 24 activity of numerous factors expressed by several cell types at different times and this 25 review will also describe the role of perivascular pericytes and the importance of vascular 26 maturation and stability. It is hoped that a better understanding of the critical processes 27 underlying the transition from follicle to CL, and subsequent luteal development will benefit 28 the management of luteal function in the future.
The importance of luteal angiogenesis 31 The corpus luteum (CL) is a transient endocrine structure that is critical for the 32 establishment and maintenance of pregnancy in mammals. It is formed from the remnants 33 of the ruptured follicle post-ovulation and undergoes remarkable growth, differentiation 34 and remodelling. Often compared to fast growing tumours, the dramatic growth of the CL is 35 reliant upon angiogenesis, or the formation of new blood vessels from pre-existing vessels 36 from the follicular theca layer [1] . 37 The crucial importance of angiogenesis to luteal structure and function has been 38 demonstrated in a number of species, including domestic ruminants. For example, the 39 experimental blockade of angiogenesis resulted in reduced CL number, limited luteal 40 vasculature and marked inhibition of steroidogenesis in rats [2] . Similarly, intra-follicular or 41 systemic administration of anti-angiogenic factors (e.g. VEGFA trap) to non-human primates 42 altered ovulation, reduced endothelial cell proliferation in the CL and inhibited 43 progesterone production [3, 4] . Furthermore, intra-luteal anti-angiogenic treatments 44 reduced CL volume and plasma progesterone concentrations and disrupted normal luteal 45 gene expression in the cow [5] . 46 Transgenic mouse models which have targeted angiogenic signals have similarly resulted in 47 both diminished ovarian vasculature and fertility [6] . In addition, poor vascularisation has 48 been linked to inadequate luteal function, such as that observed following ovulation 49 induction in women and livestock, and in the peripubertal and postpartum periods in excluded from the granulosa cell layer by the basement membrane which divides the two. 57 Following the luteinising hormone (LH) surge, the breakdown of the basement membrane 58 enables blood vessels to invade the granulosa layer as cellular remodelling begins [10] . The 59 continuation of development from ovulatory follicle to corpus luteum therefore also 60 suggests that appropriate follicular development, including blood vessel formation, may be 61 critical to the success of subsequent luteinisation [11] . Indeed, recent evidence showed 62 that follicular vascularity is positively correlated with luteal blood flow and progesterone 63 production [12] . Furthermore, the degree of follicular vascularisation has been associated 64 positively with follicular dominance and negatively with atresia [13] . 65 The infusion also stimulated progesterone production by micro-dialysed bovine CL in vitro [41] . 133 VEGFA is therefore considered essential to luteal structure and function. 134 Fibroblast growth factor 2 is also a prominent regulator of luteal angiogenesis. Often suggestive of a more critical role for FGF2 in early luteinisation [26] . FGF2 protein levels 142 were significantly elevated in early bovine CL (day 1-2) and declined with subsequent luteal 143 development [26] . 144 In order to further dissect the regulation of luteal angiogenesis in the cow, we established a Similarly, in culture, mural cells were found at the tips of endothelial sprouts (Figure 3; [49] ). 283 This might indicate that pericytes play an active role at all stages of luteal angiogenesis. smooth muscle actin immunohistochemistry (red). The nucleus was counterstained with DAPI (blue). 520
On day 6, the EC were present in large islands of cells containing several hundred cells. Inter-521 dispersed within these EC islands and around the edge were mural cells. On day 9, the EC had a 522 much more network-like appearance with multiple sprouts projecting away from the centre of the 523 EC island. Again, mural cells were often closely associated with the EC networks. On both days 6 and 524 9, mural cells were often present at the tips of sprouting EC ( early corpus luteum (arrow) selected for culture, and subsequent endothelial cell growth between 24 12 h and 9 days. Endothelial cells were immuno-localised by von Willebrand factor staining (brown) 25 after (B) 12 and (C) 18 h (day 1) and then every 24 h; day 2 (D and E), day 3 (F), day 4 (G), day 5 (H), 26 day 6 (I), day 7 (J), day 8 (K) and day 9 (L). Bar represents 100 µm. Adapted from [46] . 27 Figure 3 : The temporal-spatial interactions between endothelial cells and perivascular mural cell in 28 the bovine luteal-endothelial co-culture system, on (A) day 6 or (B) day 9 of culture. The endothelial 29 cells (EC) were immuno-stained with von Willebrand (green) while the mural cells were identified by 30 smooth muscle actin immunohistochemistry (red). The nucleus was counterstained with DAPI (blue). 31 On day 6, the EC were present in large islands of cells containing several hundred cells. Inter-32 dispersed within these EC islands and around the edge were mural cells. On day 9, the EC had a 33 much more network-like appearance with multiple sprouts projecting away from the centre of the 34 EC island. Again, mural cells were often closely associated with the EC networks. On both days 6 and 35 9, mural cells were often present at the tips of sprouting EC (arrowhead). The scale bar represents 36
200µm. Robinson, Woad et al., unpublished observations. 37
